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Abstract.

The GPS-derived crustal velocity field of the western US is used to con-

struct dislocation models in a viscoelastic medium of interseismic crustal de-

formation. The interseismic velocity field is constrained by 1052 GPS veloc-

ity vectors spanning the ∼ 2500 km-long plate boundary zone adjacent to

the San Andreas fault and Cascadia subduction zone and extending ∼ 1000

km into the plate interior. The GPS dataset is compiled from USGS cam-

paign data, Plate Boundary Observatory data, and the Western US Cordillera

(WUSC) velocity field of Bennett et al. (1999). In the context of viscoelastic-

cycle models of post-earthquake deformation, the interseismic velocity field

is modeled with a combination of earthquake sources on ∼ 100 known faults

plus broadly distributed sources. Models that best explain the observed in-

terseismic velocity field include the contributions of viscoelastic relaxation

from faulting near the major plate margins, viscoelastic relaxation from dis-

tributed faulting in the plate interior, as well as lateral variations in depth-

averaged rigidity in the elastic lithosphere. Resulting rigidity variations are

consistent with reduced effective elastic plate thickness in a zone a few 10s

of km wide surrounding the San Andreas fault (SAF) system. Primary de-

formation characteristics are captured along the entire SAF system, East-

ern California Shear Zone, Walker Lane, the Mendocino triple junction, the

Cascadia margin, and the plate interior up to ∼ 1000 km from the major

plate boundaries.
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1. Introduction

The western US (Figures 1 and 2) exhibits crustal deformation on variable spatial

scales and within contrasting tectonic regimes [Thatcher , 2003]. The active deformation

is dominated by the interactions of the North American plate with the Pacific plate

along the San Andreas fault system and with the Juan de Fuca plate along the Cascadia

subduction zone. It is characterized by strong horizontal shear along the NW-trending San

Andreas fault system, moderate NW-trending shear along the Eastern California Shear

Zone (ECSZ) and Walker Lane, moderate SW to NE contraction along the Cascadia

margin, and minor SE-NW extension within the Basin and Range Province. The zones

of concentrated shear generally coincide with areas of measured positive rotation rate

(Figure 2). Seismic activity is generally concentrated in these shear zones as well as the

Intermountain Seismic Belt along the western border of the Colorado Plateau and within

the Rocky Mountains (Figures 1 and 3). Numerous physical processes shape the crustal

velocity field and contribute to it in varying degrees. The primary factors are:

1. The motions of the background Pacific and Juan de Fuca plate, which couple with the

North American plate along the locked portions of their respective plate boundaries.

2. Post-earthquake relaxation driven by earthquakes on the major faults and governed

by depth-dependent rheology [Thatcher , 1983], lateral variations in elastic plate thickness

[Lowry et al., 2000], elastic moduli [Le Pichon et al., 2005; Schmalzle et al., 2006] and

viscosity [Pollitz , 2001; Hetland and Hager , 2004].

3. Shallow fault creep.

4. Deep fault creep below the locked portions of major faults [Savage et al., 1999b].
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5. Gravitational collapse of the broad topographic high in the central Basin and Range

Province [Flesch et al., 2000].

6. Basal drag due to mantle convection.

In dynamic models of crustal deformation [Flesch et al., 2000; Williams and McCaffrey ,

2001; Silver and Holt , 2002; Liu and Bird , 2002], processes #1, 5, and 6 are represented

in terms of explicit forces which load the load crust-mantle system, which then deforms

according to governing physical laws. We focus here on kinematic models of crustal de-

formation, in which crustal deformation depends explicitly on the properties of the earth-

quake cycle(s) on the rupturing faults present in the system. This approach is motivated

by two chief facts: 1. The lithosphere (including the upper crust) between faults is re-

markably coherent over long periods of time [King et al., 1994; Thatcher , 2003], exhibiting

nearly purely elastic behavior over numerous earthquake cycles. 2. Temporal variations

in crustal deformation rates occur on the timescales of repeated earthquakes, typically

decades to 100s of years, which is much shorter than the timescales of mantle convection,

so that the determination of the crustal velocity field is, to first order, decoupled from the

nature of the driving forces. Block models of crustal deformation [Matsu’ura et al., 1986;

McCaffrey , 2005; d’Alessio et al., 2005; Meade and Hager , 2005] exploit these facts and

can replicate interseismic deformation with prescriptions of locked and creeping patches

and associated slip rates. Block models are a special case of viscoelastic coupling models

in the limiting case that the viscosity of the sublithosphere is sufficiently high, leading

to little temporal variation in crustal velocity. When temporal variations in interseismic

velocity are small enough, then the relationship between instantaneous velocities and fault

slip rates is direct [Savage, 1983; Savage et al., 1998]. Otherwise interseismic velocities will
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generally depend on fault slip history and the rheology of the lithosphere-asthenosphere

system [Savage and Prescott , 1978; Savage, 1983; Pollitz , 2003b].

It is generally difficult to discriminate between the relative contributions of the processes

of post-earthquake relaxation and deep fault creep in interseismic velocity measurements

[Thatcher , 1983; Savage et al., 1999b; Savage, 2000]. Although steady slip extending

to infinite depth below the base of a locked fault is mathematically equivalent to cycle-

averaged viscoelastic relaxation following repeated slip events on a long strike-slip fault

[Savage and Prescott , 1978; Savage, 2000; Pollitz , 2001], deep slip is plausible only within

a restricted range, e.g., between the base of the locked section and the base of the effec-

tive lithosphere. Detailed studies of post-earthquake relaxation suggest that the effective

lithosphere thickness in the western US is up to ∼ 30 km (i.e., the crustal thickness) but

not greater, reflecting the presence of a generally ductile and vigorously flowing mantle

[Dixon et al., 2004].

In this paper we explore viscoelastic-cycle models [Savage and Prescott , 1978; Pollitz ,

2001, 2003b; Meade and Hager , 2004; Smith and Sandwell , 2004; Hetland and Hager ,

2005] to rationalize the interseismic crustal velocity field in the western US as constrained

by GPS measurements. Viscoelastic-cycle models are powerful because they account for

high-temperature creep of rocks below the seismogenic layer and they can account for

temporal variations in interseismic velocity, consistent with observations in many cases

[Thatcher , 1983; Dixon et al., 2000; Pollitz et al., 2001; Dixon et al., 2002; Pollitz , 2003a;

Freed and Bürgmann, 2004]. We consider a model of average interseismic velocity over

the viscoelastic cycles of faults [Pollitz , 2003b], as well as a modified model in which

the idealized slip history of the major faults (those associated with the 1700 Cascadia,
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1906 San Francisco, and 1857 Fort Tejon earthquakes, and other M & 7 earthquakes)

are included via a viscoelastic-cycle model. The formulation of Pollitz [2003b] allows the

quantification of slip rates on both discrete dislocation sources (i.e., faults) as well as

distributed sources. This is well suited to handle the diverse faulting environment of the

western US, which is dominated by discrete faulting sources along the San Andreas fault

system and Cascadia megathrust but includes distributed faulting over large regions in

the plate interior [King et al., 1994; Thatcher et al., 1999; Bennett et al., 1999; Thatcher ,

2003; Bennett et al., 2003; Hammond and Thatcher , 2004; Hammond et al., 2004].

2. Western US Crustal Velocity Field

The instantaneous surface velocity field of the western US with respect to fixed North

America is shown in Figures 4 and 5. It is a composite of the GPS velocity fields

determined in twelve separate USGS GPS surveys, deployments of the Plate Bound-

ary Observatory (PBO), and the Western US Cordillera (WUSC) velocity field deter-

mined by Bennett et al. [1999] (version 002 of the WUSC velocity field, ftp://cfa-

ftp.harvard.edu/pub/rbennett/WUSC) using continuous and campaign GPS data and

VLBI data. The USGS campaign measurements are extracted from online sources

(http://quake.wr.usgs.gov/research/deformation/gps/auto/CL.html and

http://quake.wr.usgs.gov/research/deformation/gps/qoca/index.html)

and are described in numerous prior publications [Thatcher et al., 1999; Savage et al.,

1998, 1999a, b, 2001a, b; Prescott et al., 2001; Svarc et al., 2002a, b; Savage et al., 2004;

Hammond and Thatcher , 2004]. The campaign measurements are generally conducted

at intervals of 3 to 4 years, and the associated velocity field is a composite of such mea-

surements conducted between 1993 and 2006. The velocity field for the San Francisco
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Bay region is based upon not only USGS campaign measurements but also continuous

GPS time series from the CORS (Continuously Operating Reference Sites) and the BARD

(Bay Area Regional Deformation) networks [Prescott et al., 2001] as well as PBO. The

PBO measurements in the San Francisco Bay area are a continuation of BARD measure-

ments and therefore represent more than 10 years of observation. In northwest California

and around Monterey Bay, the PBO measurements were initiated in 2004, and the PBO

velocity fields from those regions represent about 2 years of observation.

The WUSC velocity field is a composite of continuous and campaign GPS measurements

conducted collectively between 1986 and 2000. Additional VLBI data used in the solution

span the period 1979 to 1998. Data from the WUSC velocity field have been corrected by

its authors for coseismic offsets of significant earthquakes. No correction for short-term

postseismic deformation has been applied to these data.

Each of the twelve USGS campaign datasets and six PBO datasets were processed

at the USGS using the GIPSY/OASIS II software [Zumberge et al., 1997]. Velocities

are provided in a fixed North America reference frame based on ITRF2000 [Altamimi

et al., 2002]. Similarly, the WUSC velocity field is referenced to fixed North America.

There are a total of 589 GPS velocity vectors contributed by the USGS campaign data,

153 GPS velocity vectors contributed by PBO continuous data, and 310 velocity vectors

contributed by the WUSC velocity field. The three data sources (USGS campaign + PBO

continuous; WUSC) have 127 common sites, and we determined a rotation between the

two associated velocity fields that aligns the two velocity fields to within the measurement

errors (generally ∼ 1 mm/yr standard deviation in both East and North components for

the USGS campaign measurements; ∼ 1−2 mm/yr for PBO measurements; ∼ 0.5 mm/yr
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for the WUSC continuous measurements). The velocity shift between the two data sets

is practically a uniform translation of ( -0.4 mm/yr East, -1.0 mm/yr North).

3. Model of Interseismic Deformation

Following Pollitz [2003b], we consider a layered elastic lithosphere underlain by a layered

viscoelastic asthenosphere. Let V refer to the volume of the lithosphere, which is assumed

to be populated with discrete fault surfaces. Let G(d)(r, r′, t) be the response of the

viscoelastic system at point r and time t to a unit dislocation source applied at point r′

and time 0. We follow Pollitz [2003b] and Pollitz and Vergnolle [2006] in representing

instantaneous crustal velocity at point r ∈ V as a sum of five terms. The first four appear

in eqn 7 of Pollitz and Vergnolle [2006], and the fifth is new.

vinst(r) =
∑

n

∫
Γn

d3r′m(r′) :

[∑
j≥0

Ġ(d)(r, r′, t− tn + jTn)

]

+
∑
m

∫
Γm

d3r′ ṁ(fault)(r′) :
[
G(d)(r, r′,∞)−G(d)(r, r′, 0+)

]
+

∫
V−Γm

d3r′ ṁ(V )(r′) :
[
G(d)(r, r′,∞)−G(d)(r, r′, 0+)

]
+

∫
Γcr

d3r′ ṁ(cr)(r′) : G(d)(r, r′,∞)

+

∫
V

d3r′ ṁ(δµ)(r′) : G(d)(r, r′,∞) (1)

These terms represent:

1. Viscoelastic relaxation from all known/estimated past major regional earthquakes.

Letting Γn define the nth (discrete) fault surface, fault geometry and slip of these events

are represented through the moment-release rate density ṁ(r′) at points r′ ∈ Γn. Time

of last event and recurrence interval on nth fault are tn and Tn, respectively.

2. Interseismic-cycle averaged velocity produced by viscoelastic relaxation from moment-
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release rate density on faults Γm.

3. Interseismic-cycle averaged velocity produced from moment release on dislocations

distributed throughout the remaining volume.

4. Secular deformation arising from steady creep at points r′ ∈ Γcr corresponding to

creeping fault surfaces.

5. The effects of lateral heterogeneity in shear modulus δµ(r′) and bulk modulus δκ(r′)

at points r′ ∈ V . This may be represented by a distribution of equivalent moment tensor

density given by eqn B19 of Pollitz [2003c]:

ṁ(δµ)(r′) = −2 δµ(r′) Ḋ(r′)− δκ(r′)∇ · vinst(r′) I (2)

where Ḋ(r′) is the deviatoric strain rate tensor, ∇ · vinst(r′) is the dilatational strain rate,

and I is the identity tensor. If surface strain rate fields are approximately constant as a

function of depth, then Ḋ(r′) and ∇ · vinst(r′) are completely determined by the observed

strain rate field. If Ḋ(r′) and ∇· vinst(r′) are assumed constant in time to first order, then

the secular Greens function G(d)(r, r′,∞) is appropriate. We assume a scaling relationship

δκ = (5/3)δµ in order to retain explicit dependence only on δµ.

Note that the moment tensor density ṁ(fault)(r′) is proportional to the slip rate ṡm on

fault surface Γm (e.g., eqn 3.23 of Aki and Richards [1980]). In an inverse formulation,

the observed velocity field vinst can then be used to map the slip rates {ṡm} and the

distributions of ṁ(V )(r′) and depth-averaged δµ(r′).

If only the second term in eqn 1 were used, then for a kinematically self-consistent

fault network it would be equivalent to a block model in which interseismic velocity is a

superposition of rigid block rotations and backslip on the locked portions of faults. This

follows from eqn 1 because the time-averaged crustal velocity, when coseismic offsets are
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factored in, equals ∑
m

∫
Γm

d3r′ ṁ(fault)(r′) : G(d)(r, r′,∞) (3)

This represents the velocity field resulting from steady slip on all faults on a thin elastic

plate, i.e., in the limit of complete relaxation, and it results in rigid motions of all blocks

bounded by the faults in the network. A key difference between eqn 1 and the block model

approach, however, is that rigid rotations do not need to be determined for each block;

block boundaries do not even need to be identified. Provided that the fault network used

when employing eqn 1 is kinematically self-consistent (which may hold only approximately

in practice), long-term rigidity of the blocks is a natural property of the model.

4. Dislocation Sources

The ∼ 1000 km wide plate boundary zone inboard from the San Andreas fault (SAF)

system and Cascadia megathrust contains numerous active sources of crustal deforma-

tion. We focus here on the major faults that have been active either in historical times or

inferred to be recently active based on paleoseismic or other geologic constraints. Figure

6 and Table 1 summarize the active faults used in our dislocation modeling. It includes

the following elements:

1. All of the faults (except creeping faults) used by Deng and Sykes [1997] to model

southern California deformation. Several of the faults are grouped into one entry in Table

1. For example, fault #47 represents subfaults #4-11 of Deng and Sykes [1997] for the

Mojave SAF. The varying strike, length, etc. of these 8 subfaults as tabulated by Deng

and Sykes [1997] are used in our modeling, and the Table 1 entry of fault #47 lists the

total fault length of the combined subfaults.

2. Additional faults in southern California, including active faults in the ECSZ [Beanland
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and Clark , 1994; Dixon et al., 2000; McClusky et al., 2001; Meade and Hager , 2005] and

the White Wolf fault [Bawden, 2001].

3. The creeping section of the SAF as represented by 6 creeping segments [Pollitz and

Nyst , 2004]. We do not attempt to include short-wavelength variations in creep rate, as

documented in the Parkfield region [Murray and Langbein, 2006].

4. The northern SAF and other northern California faults (Maacama, Bartlett Springs,

Hayward, and Calaveras faults) based on Freymueller et al. [1999], Murray and Segall

[2001], and d’Alessio et al. [2005].

5. The Juan de Fuca megathrust approximated by 16 planes representing the locked sec-

tion of the megathrust from 0 to 20 km depth based on the slab contours of McCrory

et al. [2004]. On segments #30-41, the horizontal projection of the interplate motion vec-

tor is assigned an azimuth derived from the motion of the Oregon Coast (OC) block with

respect to the Juan de Fuca plate. The angular velocity vector of OC-Juan de Fuca plate

motion is derived from the OC-North America rotation pole of Wells and Simpson [2001]

(45.54◦N, -119.60◦E, -1.32◦/Myr) and the North America-Juan de Fuca rotation pole of

Wilson [2003] (33.7◦N, -115.1◦E, 1.257◦/Myr), resulting in a OC-Juan de Fuca rotation

pole of -59.6◦N, -84.8◦E, 0.284◦/Myr. The choices of interplate motion on these segments

are a recognition of long-term northwestward motion of western Oregon and Washing-

ton (Cascadia forearc) with respect to stable North America [Wells and Simpson, 2001].

The motion of the forearc relative to Vancouver results in a broad intervening conver-

gent zone around Puget Sound, with a north-south convergence rate of about 4 mm/yr

[McCaffrey et al., 2007]. The motion of the hanging wall of the megathrust, relative to

fixed North America, is consequently insignificant at the latitude of segments #44 and
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45, and segments #42-45 are assigned a relative motion direction prescribed by the North

America-Juan de Fuca rotation pole [Wilson, 2003].

6. The transform faults and spreading centers of the Juan de Fuca - Pacific plate bound-

ary, with slip rates determined by the NUVEL-1A Juan de Fuca - Pacific Euler vector

[DeMets et al., 1994].

7. The Little Salmon fault and Mad River fault zone near the Mendocino triple junction

[Williams et al., 2006].

8. Faults in the Walker Lane Belt [Stewart , 1988; Wills and Borchardt , 1993; DePolo

et al., 1997; Wesnousky , 2005] and Central Nevada Seismic Zone (CNSZ) [Wallace, 1977;

Caskey et al., 1996; Bell et al., 1999; Hetland and Hager , 2003]. Geologic slip rates of

several of these faults are thought to be small, and they are poorly constrained by the

geodetic data. We therefore hold fixed the slip rate of several of these faults in Table 1.

9. The northward continuation of the Pacific - North America plate boundary along the

Queen Charlotte-Fairweather transform system and the southward continuation along

the Gulf of California transform system. These transform faults are each approximated

as very long faults with relative motion constrained to obey Pacific - North America

relative motion [DeMets et al., 1994]. The Gulf of California transform system is approx-

imated as a 1500 km-long small circle locally parallel to the relative velocity vector and

accommodating right-lateral strike-slip motion. The Queen Charlotte-Fairweather fault

system is assigned its actual trend for 1500 km, dips 60◦ to the northeast along the Queen

Charlotte-fault portion, and is assigned a dislocation rate with rake (generally about 140◦)

constrained to yield the local Pacific-North America relative motion.
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Distributed deformation in the Basin and Range Province, the northern Walker Lane,

and other areas east of the SAF system is included by means of continuous distributions

of moment release within the lithosphere over a ∼ 8x105 km2 area. This is described in

the next section.

5. Inference of Controlling Deformation Parameters

Based on the framework presented in section 3, we may infer several controlling param-

eters of interseismic crustal deformation. This is based on inversion of eqn 1 in order to

fit the observed GPS velocity field (Figure 4) with the model velocity field vinst(r). Let

vobs(ri) be the instantaneous velocity field at a collection of sites {ri}.

5.1. Referral to Fixed North America

Since vobs(ri) is with respect to a fixed North America, an additional rotation must be

added to the model velocity field vinst(r) in order to render it comparable with vobs(ri).

The additional rotation is theoretically the negative of the absolute North America instan-

taneous angular velocity vector ωNA resulting from steady slip on the entire fault network

at the long-term slip rates. Such a slip system could be described with the fourth term

of eqn 1, yielding thin-plate rotation(s) of the blocks that compose the model. For exam-

ple, in a three plate system with the North America, Juan de Fuca, and Pacific plates,

the resulting absolute instantaneous angular velocity vectors must obey the condition of

no-net-rotation (Appendix A):

ωNA(ANA) + ωP(AP) + ωJdF(AJdF) = 0 (4)
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where ANA, AP, and AJdF are the areas of the plates. Two additional independent con-

straints are provided by the relative plate motions

ωJdF − ωNA = ωJdF−NA (5)

ωP − ωNA = ωP−NA (6)

Since the angular velocity vectors of relative plate motion ωJdF−NA and ωP−NA are known,

the system of equations 4-6 could be uniquely solved for the absolute angular velocity

vectors. In particular,

ωNA = −
[

AP

Atotal

ωP−NA +
AJdF

Atotal

ωJdF−NA

]
(7)

where Atotal = ANA + AP + AJdF. However, the plate areas in are not well-defined with

a limited fault network (a global fault network would be needed for this purpose), and

additional microplates (Sierra Nevada/Great Valley plate, etc.) are generally present. A

practical procedure is to parameterize ωNA in terms of its three Cartesian components,

denoted {ωi|i = 1, 2, 3}, which are to be determined in the inversion. Once they are

determined, the total model velocity field is simply the dislocation-generated velocity

field vinst plus a rotation:

vmodel(r) = vinst(r) − r̂ × ωNA (8)

5.2. Parameterization of Distributed Sources

Distributed faulting or shear modulus perturbations within the western US lithosphere is

evaluated here using a vertical average over a prescribed depth range and smooth functions

to describe the horizontal dependence. One tensor component of moment release rate ṁ,

which would be associated with ṁ(V )(r′) or ṁ(δµ)(r′) in eqn 1, is assumed laterally variable
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but uniform in depth from the base of the elastic layer at depth H to Earth’s surface. We

define ṁ′ to be the vertically integrated moment release rate:

ṁ′(r̂; R−H, R) =

∫ d2

d1

ṁ(r)dr (9)

where R is Earth’s radius. It is parameterized in terms of Hermite-Gauss functions.

Letting r̂ = (x, y) in local Cartesian coordinates:

ṁ′(r̂; R−H, R) =
∑
l≥0

∑
m≥0

aijlmhl(
x

L1

)hm(
y

L1

)

× exp

[
−1

2

(
(

x

L1

)2 + (
y

L2

)2

)]
(10)

where l + m ≤ lmax for fixed lmax, the hm are normalized Hermite polynomials such that∫ ∞

−∞
dx hl(x)hm(x) exp(−x2) = δlm (11)

and L1 and L2 are proportional to the dimensions of the rectangular grid. In the case

of ṁ(V )(r′), this covers a 1000 km x 778 km area; in the case of ṁ(δµ)(r′) this covers an

area of 1779 km x 1022 km area. In the latter case, for example, we choose values such

that 1779 km / L1 = 1022 km / L2 equals the last local maximum of the HG function

of degree lmax. Most of the HG functions so defined taper off smoothly at the edges of

the rectangular area, and only the higher-degree functions contain some signal near the

edges.

5.3. Strain rate field

The deviatoric strain rate field Ḋ(r′) and dilatational strain rate field ∇ · vinst(r′) are

required in order to relate shear modulus perturbations δµ(r′) to equivalent moment

release rates through eqn 2. We construct the horizontal strain rate field from the observed

horizontal velocity field using the method of Appendix A of Pollitz and Vergnolle [2006],
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which is an adaptation of the method presented by Shen et al. [1996]. That method

provides pointwise estimates of the horizontal strain rate field at a two-fold hierarchy of

Gaussian-averaging scales dictated by the density of velocity measurements in the vicinity

of the target point. We slightly modify that method here to use a three-fold hierarchy of

spatial scales. These are chosen as 100 km, 40 km, and 24 km. The smallest scale is used

that allows the strain rate field to be estimated within a certain tolerance or error [Pollitz

and Vergnolle, 2006]. The resulting horizontal strain rate field is shown in Figure 2.

5.4. Inversion

Let αk denote the collection of model parameters, consisting of slip rates {ṡm}, Helmert

transformation parameters {ωi|i = 1, 2, 3}, and HG expansion coefficients aijlmof dis-

tributed faulting or shear modulus perturbations. Let v be a vector containing the col-

lection of velocity components of vobs(ri) at a total of I sites, and let C be the a-priori

covariance matrix among these observables. In the inverse problem we minimize a func-

tional of the form

χ2 = (∆v1∆v2 · · ·∆vI)
T ·C−1· (∆v1∆v2 · · ·∆vI) + S

∑
i,j

|∇ṁ′
ij(r; d1, d2)|2d2r (12)

where ∇ is the horizontal gradient operator and

∆vi(r) = vi(r) − vmodel
i (r) (13)

The i-component of vmodel
i (r), which is given by eqn 8, can be written as

vmodel
i (r) =

∑
k

Gikαk (14)

In eqn 14, Gik represents the Greens function response of the system at observable i to

model parameter αk. It is calculated using the methodologies on spherically-stratified

elastic or viscoelastic models given by Pollitz [1996] and Pollitz [1997]. In eqn 12 the first
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term represents the data misfit, and the second term represents the integrated rough-

ness of the lateral gradients in vertically-integrated moment release rate, weighted by S;

the integration in the roughness term is over the regions of distributed faulting and/or

shear modulus perturbations. In inversions that involve distributed moment release ṁ(V )′

with fixed dislocation geometry, we deem physically reasonable models of ṁ(V )′ to be

everywhere positive. We then use non-negative least squares inversion [Lawson and Han-

son, 1974] to enforce positivity of ṁ(V )′. Minimization of χ2 yields estimates of model

parameters and associated marginal covariances among them.

6. Viscoelastic stratification

The viscoelastic stratification used in this study in shown in Figure 7. The choice of

material properties, particularly lower crust and mantle viscosity, is important because the

predicted interseismic velocities will generally depend on the time elapsed since major past

earthquakes. The choice of rheology e.g., transient (Burgers body) versus Maxwellian is

also key. For example, Hetland and Hager (2005) show that the details of a Burgers body

rheology shape the predicted interseismic velocity field, and the introduction of a transient

component to a Maxwellian rheology will alter the predicted interseismic velocity, even

long after the initial transient has elapsed.

Following Pollitz and Vergnolle [2006] we take a lithosphere thickness of 20 km. This

is meant to represent the average effective elastic plate thickness of the western US, and

it would correspond to the upper crust plus part of the lower crust. The viscoelastic

stratification is consistent with the inference of a relatively strong crust and weak mantle

in many parts of the western US as inferred from viscoelastic relaxation studies [Thatcher ,

1983; Bills et al., 1994; Kaufmann and Amelung , 2000; Pollitz et al., 2001; Nishimura
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and Thatcher , 2003; Pollitz , 2003a; Gourmelen and Amelung , 2005]. The viscoelastic

asthenosphere below the elastic layer is assigned a combination of a Maxwell rheology

(lower crust) and Burgers body rheology (upper mantle) based on the adequacy of this

rheology in explaining post-earthquake relaxation of the 1999 Hector Mine and 2005 Denali

earthquakes [Pollitz , 2003a, 2005]. Values of lower crust viscosity and mantle viscosities

and transient shear modulus are similar to those inferred in the Hector Mine and Denali

studies, and we assume that these are applicable to the western US as a whole. Note that

the elastic stratification, combined with the depth of the brittle-ductile transition, suffices

for the evaluation of cycle-averaged interseismic velocity, but the viscoelastic stratification

controls the time-dependent interseismic deformation that would be evaluated with the

first term of eqn 1. In models involving lateral rigidity variations and/or distributed

faulting, we make subjective choices of corresponding smoothing parameters S in eqn 12

that yield a relatively low residual misfit with a reasonable amount of model roughness.

7. Results

The performance of the following models are measured with the normalized root-mean-

square residual (NRMS):

NRMS =

√
χ2

N − M
(15)

where N is the number of independent data and M in the number of free parameters in

the model.

7.1. Model with Discrete Faults

We construct a model – Model 1 – in which predicted interseismic velocity is the cycle-

averaged velocity controlled by the slip rates {ṡm}; this is embodied in the ṁ(fault)(r′)
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term in eqn 1. Table 1 shows the inverted Model 1 slip rates. Several of the slip rates are

held at fixed values in order to stabilize the inversion because they are poorly constrained

by the data. This includes slip rates on several faults in the Walker Lane belt, ECSZ,

and the northernmost SAF, whose slip rate is poorly constrained because of the dearth of

data west of the fault. Several of the fault planes comprising the Cascadia megathrust, are

fixed to zero slip because inversion for these parameters would result in negative slip rates;

rates on the megathrust are also constrained to not exceed 40 mm/yr, approximately the

magnitude of the Juan de Fuca to North America relative motion [DeMets et al., 1994].

We fix most slip rates on southern California faults to the values given in Table 1 of Deng

and Sykes [1997]. However, a number of these slip rates may be revised using the present

dataset, and therefore these are estimated in the inversion.

Figure 8 shows the residual fit of Model 1 to the GPS dataset. This model fits the

primary features of the observed velocity field with NRMS=3.619. Discrepancies between

model and data remain chiefly in the plate interior > 300 km inland from the SAF in the

latitude range ∼ 35− 43◦N. In these areas, the residual is systematically ∼ 3− 5 mm/yr

southward; i.e., the model prediction is systematically ∼ 3 − 5 mm/yr more northward

than observed. This suggests unmodeled deformation sources. Qualitatively, the amount

of right-lateral shear accommodated by the northern Walker Lane in Model 1 is too small

because it is represented with an insufficient number of faults. Nor is distributed active

dextral transtension in the Basin and Range Province included in the model. Revisions

to be considered in the next sections are lateral elasticity perturbations as well as sources

of distributed faulting.
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7.2. Inference of Rigidity Perturbations and Distributed Faulting

We construct a revised model – Model 2 – in which we append lateral variations in

rigidity and distributed moment release. Eqns 2, 10, and 11 parameterize a distributiion of

δµ(r) that is assumed to be laterally variable but a constant function of depth. Employing

eqn 9, we assume that the geometry of vertically-integrated moment release rate ṁ(V )′

involves transtension on a roughly north-trending fault. The focal mechanism of the

1954 Fairview Peak earthquake is chosen for this purpose, with parameters strike=4◦,

dip=60◦, and rake=−150◦. right-lateral strike-slip motion on a vertical N40◦W-striking

plane. Because of these additional sources, considerable trade-offs with slip in slowly-

slipping regions are introduced. For this reason, slip rates of several faults in the ECSZ,

CNSZ, and Walker Lane which were estimated in Model 1 are held fixed in Model 2. In

some cases (CNSZ; Walker Lane) we are guided by geologic slip rates. In other cases

(ECSZ) we are guided by previous geodetic estimates of slip rate. In the CNSZ and

Walker Lane, published geologic slip rates less than 1 mm/yr are rounded up to 1 mm/yr,

and faults in Walker Lane with uncertain slip rates (e.g., Excelsior, Warm Springs Valley)

are assigned 3 mm/yr. Integrated slip rates across the northern Walker Lane with these

choices are about 4 to 6 mm/yr, roughly one-half the slip rates in the southern Walker

Lane/ECSZ. This agrees with an estimated 6 mm/yr motion in this zone by Thatcher et al.

[1999]. The contrast between the northern Walker Lane and southern Walker Lane/ECSZ

integrated slip rates is attributed to partitioning between strike slip on NW-trending faults

in northern Walker Lane and transtension on N-trending faults in the CNSZ [Thatcher

et al., 1999; Oldow et al., 2001; Bennett et al., 2003; Wesnousky , 2005; Hammond and

Thatcher , 2005].
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Figure 9a shows the resulting distribution of δµ, Figure 10a shows the distribution

of ṁ(V )′, and parts (a) of Figures 11 - 15 show the residual fit of Model 2 to the GPS

dataset. NRMS achieved with this model is 3.492. The formal standard deviation in the

distribution of δµ is between 0.3 and 0.4 GPa throughout the entire region, and the formal

standard deviation in the distribution of ṁ(V )′ reaches a maximum of 0.1 to 0.2 ×1014 N

m / (km2 yr), localized along the SAF.

7.3. Model with Time-Dependent Relaxation

We define an extension of Model 2 that includes cycle-averaged velocity from all dis-

crete faulting sources (except those associated with major ruptures), lateral variations in

rigidity, and time-dependent relaxation from the major earthquake cycles listed in Table

3. (This table follows Table 2 of Pollitz and Vergnolle [2006].) This new model – Model

3 – is meant to capture the most important time-dependent viscoelastic effects which

might be present in the interseismic velocity field. The relaxation from many of these

earthquakes have been analyzed in previous studies [Pollitz and Sacks , 1992; Wang et al.,

2001; Hetland and Hager , 2003; Pollitz and Nyst , 2004; Gourmelen and Amelung , 2005].

Segments #4, 5, 16-19, 30-45, 47-49, 77, and 78 used in Model 2 are now represented with

forward models of predicted velocity from the viscoelastic model driven by past earth-

quake cycles (Table 3) using the first term of eqn 1, the velocity being evaluated in the

year 2000. We assign variable slip from 3 to 9 meters on segments #47-49 to approximate

the 1857 rupture [Sieh, 1978], and variable slip from 2 to 7 meters slip on segments #4

and 5 to approximate the 1906 rupture. (We use a 4-plane approximation of the Thatcher

et al. [1997] slip model for this purpose.) The slip of the 1700 Cascadia earthquake is

represented by 16 slip patches and is inverted jointly with the other model parameters.
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The inverted slip distribution of the 1700 earthquake is shown in Figure 16. (The iden-

tical slip distribution is assumed for all preceding periodic ruptures on the megathrust.)

Figure 9b,c shows the resulting distribution of δµ, Figure 10b shows the distribution of

ṁ(V )′, and parts (b) of Figures 11 - 15 show the residual fit of Model 3 to the GPS dataset.

Figure 2b shows the predicted strain rate and rotation rate fields. NRMS achieved with

this model is 3.435. As with Model 2, the formal standard deviation in the distribution

of δµ is between 0.3 and 0.4 GPa throughout the entire region, and the formal standard

deviation in the distribution of ṁ(V )′ reaches a maximum of 0.1 to 0.2 ×1014 N m / (km2

yr), localized along the SAF.

Figures 17 and 18a,b show the Model 3 contributions of post-earthquake relaxation

from the major sources listed in Table 3, all other minor sources, and Pacific-Juan de

Fuca transform faults and spreading centers, respectively. The sum of these velocity

fields constitutes the interseismic velocity field vinst in the absolute reference frame. The

addition of a rigid rotation (which was determined in the inversion) using the Euler vector

ωNA produces the model velocity field vmodel in the fixed North America reference frame

(eqn 8). This velocity field has been subtracted from the observed interseismic velocity

field to yield the residual velocities shown in parts (b) of Figures 11 - 15.

The GPS dataset compiled recently for the Pacific Northwest by McCaffrey et al. [2007]

(PNW velocity field) is derived from USGS campaign data, Pacific Northwest Geodetic

Array (PANGA) continuous data, and other sources. Supplementary Figure S1 shows the

PNW velocity field together with the composite velocity field of the present study. The

two velocity fields are to a large extent redundant and consistent with one another; the

PNW velocity field fills in many gaps in the coverage of USGS campaign sites alone. The
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PNW velocity field is compared with the predictions of Model 3 in Supplementary Figures

S2 and S3. Observed and modeled velocity fields are very similar (Supplementary Figure

S2), and the residual velocity field (Supplementary Figure S3) is generally as small as the

residual velocity field obtained using the present dataset (Figures 14b and 15b).

7.4. Model uncertainty

The performance of Models 1 - 3 and variations on Model 3 are summarized in Table 2.

Quantitatively Model 3 performs the best, though Model 2 has a NRMS only slightly lower.

Both Model 2 and Model 3 have distributions of rigidity perturbations δµ and moment

release ṁ(V )′, and the difference lies in the use of interseismic-average velocity (Model 2)

versus time-dependent viscoelastic-cycle velocity (Model 3) to predict the contribution

of major faults to present interseismic velocities. Because of fundamentally different

parameterizations, the two models are not statistically comparable. However, we prefer

Model 3 because we believe that viscoelastic-cycle models more realistically represent the

crustal kinematics during the interseismic period.

In all models, where inverted, the estimated slip rates are intended to represent a plau-

sible slip rate for the considered fault segments, but they are not intended to represent a

unique solution. Formal standard deviations on estimated slip rates are generally between

1 and 2 mm/yr. Because of the complexities of modeling numerous faults and numerous

physical processes, which further involves assuming a particular rheology, and the practi-

cal choices of holding numerous slip rates fixed at a-priori values, the resulting models are

non-unique, and the uncertainty in slip rates on all faults must be considered to be larger.

The same caveats apply to estimated rigidity variations and distributed moment release,

which are based on a regularized inversion involving many parameters (153 free param-
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eters for each distribution). Although the most sophisticated model attempted (Model

3 in section 6.3) explains the primary features of the dataset, it should be regarded not

as a unique solution to the kinematics of western US deformation, but rather as a strong

hypothetical forward model that can be tested against the tectonic environments in the

various subregions of the western US.

Despite these complexities, the formal standard deviations in estimated δµ and ṁ(V )′

are one order of magnitude lower than the respective values attained by the distributions

themselves, suggesting that they are significant. An F-test comparing ”Model 3” with

”Model 3 without ṁ(V )′” indicates that the estimated distribution of ṁ(V )′ is significant

at > 99.9% confidence; a similar F-test between the two Model 3 variations in Table 2

indicates that the estimated distribution of δµ is also significant at > 99.9% confidence.

This indicates that the GPS dataset in the vicinity of the Basin and Range Province

and SAF, respectively, has systematic signal which is significantly explained by moment

release in the plate interior and lateral variations in effective rigidity.

8. Discussion

All models constructed here represent some form of viscoelastic-cycle deformation of a

predominantly three plate system: the Pacific, North America, and Juan de Fuca plates.

The resulting dislocation models capture the chief active deformation characteristics –

right-lateral shear concentrated on the San Andreas fault system and ECSZ, clockwise

rotation and superimposed SW-NE contraction of western Cascadia, ESE-WNW exten-

sion within the Basin and Range Province, and the transitions between different tectonic

regimes around the Mendocino triple junction and northern Walker Lane/Modoc Plateau.
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8.1. Transient rheology

The good fit of Model 3 to the interseismic crustal velocity field suggests that a transient

rheology is viable for the asthenosphere of the western US. However, the assumed rheology,

though plausible, is not unique. Hetland and Hager [2005] show that a re-scaling of a

Maxwellian model can, at least locally, produce the same behavior as a transient rheology

model. Thus a more detailed investigation would be needed to establish the range of

rheologies that provide an acceptable fit to the interseismic deformation field.

Figure 17 shows the contribution of time-dependent viscoelastic cycles to the present

interseismic velocity field separately for the repeating sources listed in Table 3. As given by

the first term of eqn 1, each viscoelastic relaxation field represents a sum of relaxation from

repeating events, e.g., for the 1700 Cascadia source this means source events in the years

1700, 1200, 700, etc. Each relaxation field is inherently long wavelength, a consequence

of the dispersive character of the spectrum of relaxation times [Pollitz , 1997]. The largest

amongst them is the 1700 Cascadia source, not surprisingly since its size (Mw = 9.1)

dwarfs the sizes of the 1857 and 1906 sources. Figure 19 shows the evolution of the

post-Cascadia relaxation field since 1700, highlighting the gradual decay of the predicted

velocity field with time until the present. The relaxation field is concentrated near the

source fault early in the cycle, gradually moving outward and decaying in amplitude until

the present – approximately 3/5 into the next cycle.

The employed rheology (Figure 7), however, has been validated only in the Mojave

Desert region, and its applicability to the western US as a whole is a supposition. The

rheology of the western US is laterally variable, as suggested by lateral rigidity variations

(Figure 9b), seismic velocity structure [Humphreys and Dueker , 1994], and other physical
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parameters [Lowry et al., 2000]. The rheology applicable to individual subregions is best

determined with studies of relaxation following earthquakes or changes in glacial or lacus-

trine loads (see summary by Dixon et al. [2004]). Postseismic movements from the 1999

Hector Mine earthquake have been interpreted in terms of both Maxwellian and Burgers

body models [Pollitz et al., 2001; Pollitz , 2003a]. In general, after the initial transient

it is possible to explain remaining postseismic velocity fields with either type of rheology

[Hetland and Hager , 2005]. It is an open question whether a transient rheology could suc-

cessfully explain relaxation episodes in various subregions previously interpreted with a

Maxwell rheology, and its applicability should be evaluated for each case. In any case, the

intersesimic velocity field provides an independent test of whether or not a hypothetical

rheology is applicable to the western US [Smith and Sandwell , 2006].

8.2. Lateral Variations in Rigidity

Figure 9 reveals significant differences between the inferred δµ(r) on Models 2 and 3.

Low-rigidity perurbations are more concentrated on the northern and southern SAF in

Model 3. This produces additional strain concentration along the SAF itself. That is,

negative δµ helps to concentrate strain along the SAF. These rigidity perturbations serve

the role of counteracting the reduced interseismic strain generated by the time-dependent

relaxation of the 1857 and 1906 earthquakes in Model 3 versus the cycle-averaged strain

generated in Model 2. Since Model 3 implements time-dependent viscoelastic relaxation,

we regard it as a more realistic model. Although differences between the assumed rheol-

ogy (laterally homogeneous; linear viscoelastic; Burgers body)and the real (likely laterally

variable; possibly nonlinear) rheology would produce different patterns, we judge the rel-
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atively subdued strain rates around major faults, generated by time-dependent relaxation

on Model 3, to be robust.

Because we assumed the steady-state limit when relating δµ to the interseismic velocity

field with eqns 1 and 2, locally low ”average” rigidity may be interpreted as relatively low

rigidity in a column of elastic plate of fixed thickness (nominally 20 km), normal rigidity

in a thinned elastic plate, or a combination of the two. Eqn 2 suggests, as yet another

alternative, that relatively low δµ may be interpreted as steady aseismic slip along a local

fault zone. The correspondence of relatively low δµ along the SAF with relatively high

seismicity rates (Figure 3) would be consistent with any of these interpretations. We note

that inferred lateral rigidity variations in California on Model 3 (Figure 9b,c) roughly

correspond with lateral heat flow variations [Lachenbruch and Sass , 1980; Sass et al.,

1989]. The salient feature is the contrast between the SAF zone and the Great Valley,

the former having relatively high heat flow and relatively low rigidity. This tentatively

supports a thermal origin for lateral rigidity variations and an interpretation in terms of

corresponding variations in effective elastic plate thickness. An endmember case of this

type is that of a viscoelastic shear zone bounded by undeformable blocks [Pollitz , 2001;

Lynch and Richards , 2001; Pollitz and Nyst , 2004].

8.3. Distributed Faulting in Plate Interior

In Model 3 we have prescribed distributed faulting to be transtension on a roughly

north-trending, 60◦-dipping fault represented by the fault geometry of the 1954 Fairview

Peak earthquake. This is roughly consistent with the regional stress field [Zoback and

Zoback , 1989] and average faulting patterns [Stewart , 1988]. Our choice of fault geometry

reflects the judgement that moment release within the deeper plate interior is likely to
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be a combination of normal faulting and strike-slip faulting; the two source types share

a common horizontal ESE-WNW least principal stress axis. Which faulting type domi-

nates depends on whether the principal stress axis of maximum compression is vertical,

a circumstance which may be temporally variable in many areas [Stewart , 1988]. Focal

mechanisms of historic earthquakes from Walker Lane to the central Basin and Range

province are generally consistent with a combination of right-lateral strike slip and nor-

mal slip on N to NNW-trending faults [Smith and Lindh, 1978; Rogers et al., 1991], with

strike-slip faulting persisting as far east as Hansel Valley, Utah [Stewart , 1988]. Focal

mechanisms [Smith and Lindh, 1978; Rogers et al., 1991] and geology [Stewart , 1988]

suggest that the dominant faulting pattern in the eastern Basin and Range province is

normal faulting on roughly north-south trending faults.

In Model 3 inferred faulting not concentrated on identified faults is distributed in three

principal areas (Figure 10b): along central Walker Lane, in northern Walker Lane ex-

tending to southeast Oregon, and along the Wasatch Front. These regions are also the

locus of active seismicity (Figure 3), including the east-west belt through southern Nevada

known as the Southern Nevada Transverse Zone [Rogers et al., 1991]. The moment release

contributes to present-day interseismic deformation through cycle-averaged deformation

contributed by each infinitesimal source. The moment release may be a crude approx-

imation to time-dependent viscoelastic relaxation contributed by past events in these

zones. Alternatively, it may be a proxy for active slip in the deeper elastic lithosphere,

as suggested by Figure 38 of Wesnousky [2005] for central Walker Lane or by Chang and

Smith [2002] for the Wasatch Front. Hammond and Thatcher [2004] note that northern

Walker Lane has relatively low driving force from gravitational potential energy [Flesch
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et al., 2000] and normal faulting is correspondingly less pronounced than in the Basin

and Range. They suggest that its present active deformation is associated with greater

weakness of the local lithosphere or is actively driven from below.

The locus of moment release in northeastern California and Oregon is consistent with

tectonic models which advocate a continuation of Pacific dextral shear northward from

California into Oregon [Wells , 1990; Pezzopane and Weldon, 1993; Miller et al., 2001].

Part of this area overlaps with the ”Northern California Shear Zone” identified by Wes-

nousky [2005]. The northeast-California zone imaged in Figure 10b is also identified by

Hammond and Thatcher [2005] as a diffuse boundary between the Sierra Nevada block

and the Basin and Range Province. The north-trending belt of moment release inferred in

west-central Utah coincides with seismic activity along the north-central Intermountain

Seismic Belt [Smith, 1978].

Pronounced interseismic velocity gradients around the Wasatch Front and CNSN have

been noted by previous investigators [Thatcher et al., 1999; Svarc et al., 2002a; Chang

and Smith, 2002; Bennett et al., 2003; Hetland and Hager , 2003; Hammond and Thatcher ,

2004]. We find similarly that these are areas of marked velocity gradients (Figure 2a).

In Model 3, these features are rationalized through a combination of distributed faulting

(Figure 10b) and time-dependent relaxation on faults of the CNSZ (faults #16-20 in Table

1).

8.4. Southern California

Model 3 provides an excellent fit to the horizontal velocity field (Figure 12), which

is hardly surprising given the number of dislocation sources in this region. Most slip

rate values of regional faults in this model are those assigned by Deng and Sykes [1997],
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which generally agree with those estimated by Meade and Hager [2005]. In Models 1

and 2, an exception is the SAF San Bernardino segment, which we assign 5 mm/yr a-

priori slip [Meade and Hager , 2005] because independent inversions for its slip tend to

yield negative slip rates. Estimated slip rate on the Mojave segment is 12 ± 1 mm/yr,

in good agreement with the geodetic estimates of Meade and Hager [2005] and Becker

et al. [2005]. Slip rates of order 10 mmm/yr or less on these segments are much smaller

than paleoseismic slip estimates. In Model 3, the SAF San Bernardino, Mojave, Carrizo,

Chalome, and south Parkfield segments (segments #47-49 in Table 1) are implemented

using viscoelastic relaxation from characteristic 1857-type earthquakes occurring with

a periodicity of 350 years. Smith and Sandwell [2006] similarly implement viscoelastic

relaxation from characteristic, periodic past earthquakes in southern California. Although

the controlling parameters of the viscoelastic models used here and in Smith and Sandwell

[2006] are not well constrained, the good fits obtained to the geodetic data in these studies

suggest that simple viscoelastic models are sufficient to replicate the interseismic velocity

field in southern California. These simple viscoelastic models do not, however, resolve the

slip rate discrepancy on the SAF Mojave and San Bernardino segments. (For example,

the slip rate on the SAF San Bernardino contributed from repeating 1857-type events in

our model is only 9 mm/yr.) Viscoelastic relaxation with a clustered earthquake cycle

[Meade and Hager , 2005] may be necessary to resolve the discrepancy.

8.5. San Francisco Bay Region (SFBR)

The good fit of the predicted velocity field on Model 3 (Figure 13b) suggests that a

combination of post-1906 relaxation along the SAF, cycle-averaged relaxation on minor

faults (Hayward, Calaveras, Rodgers Creek), fault creep on the Hayward and southern
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Calaveras faults, and lateral rigidity variations capture most of the observed signal. There

is a systematic misfit west of the SAF from 36◦N to 38◦N and west of the Bartlett Springs

fault north of 38.5◦N, with predicted velocity ∼ 3−5 mm/yr more westerly than observed.

This may reflect the influence of thrust motions on faults parallel to the SAF system,

which are not included in the model. This agrees qualitatively with inferred fault-normal

convergence across the SFBR of a few mm/yr [Argus and Gordon, 2001; Pollitz and Nyst ,

2004]. (See Savage et al. [2004] for an alternative point of view.) Structures in the Santa

Cruz Mountains (Sargent-Berrocal fault zone) and along the Coast Ranges Thrust could

provide the sources of thrust faulting sufficient to explain the discrepancy in fault-normal

velocity [Prescott et al., 2001; d’Alessio et al., 2005].

8.6. Mendocino Triple Junction

The Mendocino Triple junction area marks a transition from dextral shear generated

by the SAF, Garberville/Maacama faults, and Eaton Roughs/Lake Mountain/Bartlett

Springs faults and SW-NE convergence generated by the Cascadia megathrust (Figure

2a). This transition is accomplished with the SAF to megathrust transition, as well as

the change in faulting style from dextral slip on the Garberville/Maacama faults plus

Eaton Roughs/Lake Mountain/Bartlett Springs faults to primarily dip slip on the Little

Salmon fault and Mad River fault zone [Williams et al., 2006]. The GPS data are found

to be satisfactorily modeled by implementing these faults (segments #2 and 3 in Table

1) as 45◦ NE-dipping faults with slip vectors associated with rake of 120◦ (Figure 14).

Estimated slip rates on the Little Salmon fault and Mad River fault are 19 mm/yr and 16

mm/yr, respectively, on Model 3. This represents a simultaneous increase in contractile

strain and decrease in dextral strain accommodated across the fault zones as they exit
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the SAF-dominated tectonic regime to the south. A net 21 mm/yr of convergence parallel

to the local Juan de Fuca - North America relative motion direction is accommodated

by these faults. This suggests partitioning of plate convergence in this region and a

corresponding reduction in strain accumulation along the megathrust around the Gorda

plate. This is consistent with relatively little slip on the southernmost megathrust inferred

for the 1700 Cascadia earthquake (Figure 16).

8.7. Implications for Cascadia Region

On Models 1 and 2, inferred distributed slip along the Cascadia megathrust is charac-

terized by strong locking of the predominantly shallow section (0 to 10 km depth) south of

∼ 44◦N and relatively weak locking north of 44◦N. In Model 3 the megathrust contributes

deformation through post-1700 relaxation (summed over all past periodic 1700-type earth-

quakes), which is predicted to have a tangible effect on the present-day velocity field at

the level of several mm/yr (Figure 17); the megathrust in this case is characterized by its

1700-earthquake slip distribution (Figure 16).

Previous dislocation models of geodetic data in Cascadia obtained good fits to the

observed crustal velocity field with a combination of rigid rotation of the Cascadia forearc

block and locking effects from the megathrust [McCaffrey et al., 2000; Svarc et al., 2002b;

Wang et al., 2003]. Model 3 achieves a similarly good fit to the velocity field (Figure

15b). In detail, however, discrepancies may be detected. First, there are systematic small

southward residuals of magnitude ∼ 2 mm/yr near 47◦N, 119◦W (Figure 15b). Second,

predicted rotation rates (Figure 2b) north of 44◦N are smaller than observed (Figure

2a), suggesting that the observed forearc rotation is not fully replicated by the model.

These discrepancies point to unmodelled sources of deformation. We suggest that active
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north-south shortening in the Yakima fold and thrust belt and the Puget Sound region

[Wells and Simpson, 2001], which are not included in the model, would reduce these

discrepancies.

Model 3 yields a coseismic slip model of the 1700 Cascadia earthquake (Figure 16).

Estimated slip values are up to 25m, with formal standard errors in slip estimates of each

patch of ∼ 1m. The moment magnitude is Mw = 9.1, consistent with the size inferred from

far-field tsunami information [Satake et al., 2003]. The slip distribution predicts variable

amounts of subsidence of order 1 meter along the entire ∼ 1100 km-long adjacent coastal

region, qualitatively similar to observed subsidence (Figure 8 of Satake et al., 2003). The

slip trades off with assumed viscoelastic structure, so that actual slip uncertainties are

much greater than the formal uncertainties. Nevertheless, the GPS data in this region

strongly demand some measure of viscoelastic relaxation from the 1700 earthquake. An

F-test between Model 3 and ”Model 3 without the 1700 Cascadia earthquake” (Table 2)

indicates that the obtained slip distribution is significant at a very high (> 99.9%) level

of confidence. This further demonstrates that other components of the model cannot

compensate for a lack of post-1700 relaxation.

With the understanding of large uncertainties, the estimated coseismic slip distribution

suggests a high amount of slip from 41.5◦N to 44◦N along the entire downdip extent of

the interplate boundary (i.e., 0 to 20 km depth), relatively low slip from 44◦N to 46◦N,

and high slip on the deeper portion of the interplate boundary off the Olympic Peninsula.

Shallow slip (i.e., on the upper 10 km of the interplate boundary) between 44◦N and

47◦N is negligible. The slip maxima around Cape Blanco and the Olympic Peninsula

coincide with areas of relatively high locking based on coastal tide gauge and leveling
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[Mitchell et al., 1994] as well as relatively thick accreted sediments [Wells et al., 1998].

If these correlations are significant, the intervening zone of low 1700 coseismic slip could

be related to relatively large volumes of sediment carried down with the slab, as well as

the properties of the Silezia block in the overriding plate, both of which may reduce the

width of the locked zone [Wells et al., 1998].

9. Conclusions

The interseismic crustal velocity field of the western US is interpreted as the product

of dislocation sources operating in a viscoelastic system. This consists of an elastic upper

lithosphere populated with faults, underlain by a viscoelastic asthenosphere. The main

effects are:

1. Viscoelastic relaxation from earthquakes occurring on a few major faults and numer-

ous minor faults, dominated by faults close to the major plate boundaries (SAF system;

Cascadia megathrust).

2. Viscoelastic relaxation from broadly distributed dislocation sources over a ∼ 106 km2

area within the proximal plate interior.

3. Lateral variations in vertically–averaged rigidity.

The effects of the first and second categories are part of a continuum of plastic deformation

that cannot be clearly distinguished from one another. They contribute to interseismic

deformation through the behavior expected in viscoelastic-cycle time-dependent deforma-

tion (first category) or cycle-averaged deformation (some sources of the first category, and

all sources of the second category).

Viscoelastic-cycle deformation ultimately concentrates strain, and hence stress buildup,

primarily along the major fault zones and secondarily within the entire ∼ 1000 km wide
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plate boundary zone in western North America. Zones of locally low rigidity tend to

amplify horizontal strain rates. When major faults are implemented with time-dependent

viscoelastic-cycle deformation, the viscoelastic-cycle deformation alone is insufficient to

replicate the strain rates (up to 3 × 10−7/yr in tensor shear) observed around the SAF

zone. Eually important is the effect of lateral rigidity variations, with the result that

jointly estimated vertically-averaged rigidity tends to be low within a few 10s of km of

the SAF zone.

The GPS velocity field is sufficiently detailed in the plate interior to yield an estimate

of distributed faulting, which is idealized as strike-slip faulting on NNW-trending vertical

planes. The resulting faulting pattern has maximum amplitudes within the northern

Walker Lane to southeast Oregon corridor, and along the Wasatch Front. Additional

regional GPS data may help clarify the details further, but this result supports tectonic

models that advocate a continuation of dextral shear from eastern California into northeast

Oregon.

Continued acquisition of vector constraints on crustal motions and study of available

geodetic data are needed to clarify active deformation patterns in several areas. Some

outstanding issues are: The nature of distributed faulting at the margins of the Great

Basin (southern Nevada Transverse Zone, northern Walker Lane); understanding how

dextral shear from the eastern boundary of the Sierra Nevada block is transferred north

into Cascadia; detecting the possible eastern and northern boundaries of the Cascadia

forearc block; understanding the transition from SAF-generated dextral shear to WSW-

ENE contraction along the Cascadia megathrust, through the Mendocino TJ; clarifying

the role of regional SW-NE contraction in the San Francisco Bay area.
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Figure 1. Tectonic map of the western United States with selected faults and focal mechanisms

of earthquakes from 1976-2006 from the Harvard CMT catalog. Seismic belts are based on Smith

[1978], Stewart [1988], Dokka and Travis [1990], and Rogers et al. [1991]. ISB=Intermountain

Seismic Belt; ECSZ=Eastern California Shear Zone; CNSZ=Central Nevada Seismic Zone;

WLSB=Walker Lane Seismic Belt; NCSZ=Northern California Shear Zone; SNTZ=Southern

Nevada Transverse Zone.

D R A F T October 31, 2007, 12:52pm D R A F T



X - 50 POLLITZ ET AL.: INTERSEISMIC DEFORMATION OF THE WESTERN US

Figure 2. (a) Representation of western US strain rate field in terms of the amplitudes and

directions of the principal strain rate axes (thick and thin line segments denoting a principal

contractile or tensile strain rate axis, respectively) and rotation rate rate (indicated by color

shading). The derivation of the strain rate field is described in section 5.3. Rotation rate is

here defined as 1
2
(∂u̇/∂y − ∂v̇/∂x), where x and y measure distance in the local East and North

directions, respectively, and u̇ and v̇ are the corresponding x− and y−velocity components.
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Figure 2. (continued) (b) Predicted strain rate and rotation field on Model 3.
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Figure 3. Seismicity of the western US from 1965 to 2007 from the online ANSS catalog (

http://www.ncedc.org/anss/catalog-search.html ).
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Figure 4. Composite GPS velocity field from several USGS GPS campaigns conducted in

the western US from 1993 to 2006, continuous GPS data from the Plate Boundary Observatory

(PBO), and continuous GPS data provided by Bennett et al. [1999] (version 002 of the WUSC

velocity field). Surface projections of fault planes representing dislocations sources are outlined

in green.
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Figure 5. Composite GPS velocity field of Figure 4 re-plotted in several subregions.
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Figure 5. (continued)
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Figure 6. Surface projections of faults planes used in the dislocation modeling (Table 1).

Yellow planes are faults #5 - 98 of Deng and Sykes [1997]. Purple planes are creeping faults.

Light blue planes are transform faults and spreading centers associated with the Pacific - Juan

de Fuca plate boundary. Dark blue planes are a 16-plane approximation to the Juan de Fuca -

North America convergent plate boundary (Cascadia megathrust). Green planes are additional

faults based on other references provided in section 4.
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Figure 7. Viscoelastic stratification, consisting of a 20-km thick elastic layer underlain by a

Maxwell viscoelastic lower crust and Burgers body mantle. µ1 and η1 are the Maxwellian shear

modulus and viscosity, and µ2 and η2 are the transient shear modulus and viscosity. Infinite

viscosities are assigned to the elastic layer. (Note that the Maxwell rheology is a special case of

the Burgers body with η2 = ∞.)
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Figure 8. Residual fit (observed minus modeled vector velocity) of Model 1 to the GPS

dataset.
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Figure 9. Distribution of shear modulus perturbation δµ averaged over the thickness of the

elastic upper lithosphere for Model 2 (a) and Model 3 (b). Part (c) is a closeup of (b) with fault

lines superimposed.
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Figure 10. Distribution of vertically-averaged moment release ṁ(V )′ for Model 2 (a) and

Model 3 (b). The focal mechanism assumed for the fault geometry in any vertical column is

that of the 1954 Fairview Peak earthquake (focal mechanism indicated): strike=4◦, dip=60◦,

and rake=−150◦. Contour interval is 0.2× 1014 N m/(km2 yr).
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Figure 11. Residual fits of Models 2 (a) and 3 (b) to the observed interseismic velocity field

in Nevada and Utah.
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Figure 12. Residual fits of Models 2 (a) and 3 (b) to the observed interseismic velocity field

in southern California
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Figure 13. Residual fits of Models 2 (a) and 3 (b) to the observed interseismic velocity field

in northern California.
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Figure 14. Residual fits of Models 2 (a) and 3 (b) to the observed interseismic velocity field

around the Mendocino triple junction.
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Figure 15. Residual fits of Models 2 (a) and 3 (b) to the observed interseismic velocity field

in the Pacific Northwest.
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Figure 16. Slip distribution of the 1700 Cascadia event derived on Model 3. Slip values are in

meters and are uniform on each of the 16 patches representing the interplate boundary [McCrory

et al., 2004]. The slip distribution has moment magnitude Mw = 9.1.
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Figure 17. Contribution of viscoelastic-cycle deformation from an individual earthquake

cycle (Table 3) to the present interseismic velocity field on Model 3. Corresponding sources are

outlined with gray lines. Each model velocity field is specified by the first term of eqn 1.
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Figure 17. (continued)
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Figure 17. (continued)
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Figure 18. Contributions of cycle-averaged relaxation from minor sources (a) and Pacific-

Juan de Fuca transform faults and spreading centers (b) to the present interseismic velocity field

on Model 3. Corresponding sources are outlined with gray lines. Each model velocity field is

specified by the second term of eqn 1.
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Figure 19. Evolution of interseismic deformation contributed by the 1700 Cascadia earthquake

cycle on Model 3, prescribed by the first term of eqn 1. The origin time of the earthquake is

assigned the date 1700.00.
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Table 1. Slip rates of faults in the western US (Figure 6)

# Fault name Type∗ d†u d‡l strike dip length ṡ§(1) ṡ§(2) ṡ§(3) Ref.

km km ◦ ◦ km mm/yr
1 Queen Charlotte tr. RL+T 0 20 330− 350 70 1500 48q 48q 48q 1
2 Little Salmon RL+T 0 17 315 45 83 4.8 1.9 1.9 2,3
3 Mad River RL+T 0 17 327 45 74 14.2 1.6 1.6 2,3
4 N. San Andreas RL 0 20 300− 350 90 233 17q 17q VE 3,4
5 N. San Andreas RL 0 20 300− 330 90 239 14.0 21.2 VE 3,4
6 Eaton Roughs RL 0 20 328 90 75 18.9 22.9 19.5 2,3
7 Lake Mountain RL 0 20 320− 340 90 180 8.0q 8.0q 8.0q 2-4

+ Bartlett Springs
8 Concord-Green V. RL 0 20 343 90 110 6.0q 6.0q 6.0q 3,4

+ Wilson
9 Garberville RL 0 20 329 90 235 13q 13q 13q 3,4

+ Maacama
10 Rodgers Creek RL 0 20 329 90 58 9.0q 9.0q 9.0q 3,4,6
11 Hayward RL 5 20 329 90 87 9.0q 9.0q 9.0q 5,6
11 Creeping Hayward RL 0 5 329 90 87 9.0q 9.0q 9q 5,7
12 N. Calaveras RL 0 20 336 90 55 9.0q 9.0q 9.0q 6
13 Loma Prieta RL+T 4.5 12.5 128 62 37 – – VE 7
14 Creeping RL 0 20 333 90 80 12q 12q 12q 8

S. Calaveras
15 Creeping SAF RL 0 20 333 90 80 15-30q 15-30q 15-30q 8
16 Dixie Valley N 0 15 17 90 46 12.7 1.0q VE 9
17 Fairview Peak RL+N 0 15 4 60 40 5.2 1.0q VE 9
18 Pleasant Valley N 0 15 194 44 59 14.4 1.0q VE 10,11
19 Cedar Mountain RL 0 15 350 72 70 19.1 1.0q VE 12
20 Pyramid Lake RL 0 15 320 90 30 3.0q 3.0q 3.0q 13
21 Olinghouse LL 0 15 50 90 23 3.0q 3.0q 3.0q 13
22 Petrified Spring RL 0 20 335 90 70 7.1 1.0q 1.0q 14,15
23 Benton Spring RL 0 20 335 90 75 7.1 1.0q 1.0q 14,15
24 Pine Nut RL 0 20 350 90 40 1.0q 1.0q 1.0q 14
25 Wassuk N 0 20 340 60 90 1.0q 1.0q 1.0q 14,15
26 White Mountains RL+N 0 20 335 60 100 9.4 1.0q 1.0q 14,15
27 Excelsior N 0 20 245 60 33 3.0q 3.0q 3.0q 14,15
28 Rattlesnake N 0 20 245 60 33 3.0q 3.0q 3.0q 14,15
29 Warm Springs V. RL 0 20 315 90 100 3.0q 3.0q 3.0q 14
30 Cascadia megathrust RL+T 10 20 358 9 126 6.7 3.8 VE 16
31 Cascadia megathrust RL+T 0 10 358 9 126 32.6 0q VE 16
32 Cascadia megathrust RL+T 10 20 358 9 126 21.5 8.2 VE 16
33 Cascadia megathrust RL+T 0 10 358 9 126 40.0 40.0 VE 16
34 Cascadia megathrust RL+T 10 20 359 9 126 9.7 10.9 VE 16
35 Cascadia megathrust RL+T 0 10 359 9 126 40.0 40.0 VE 16
36 Cascadia megathrust RL+T 10 20 358 10 126 23.9 27.1 VE 16
37 Cascadia megathrust RL+T 0 10 359 9 126 0q 0q VE 16
38 Cascadia megathrust RL+T 10 20 358 10 137 0.7 2.3 VE 16
39 Cascadia megathrust RL+T 0 10 358 9 137 0q 0q VE 16
40 Cascadia megathrust RL+T 10 20 358 9 115 22.0 22.8 VE 16

D R A F T October 31, 2007, 12:52pm D R A F T



POLLITZ ET AL.: INTERSEISMIC DEFORMATION OF THE WESTERN US X - 73

Table 1. (continued) Slip rates of faults in the western US

# Fault name Type∗ d†u d‡l strike dip length ṡ§(1) ṡ§(2) ṡ§(3) Ref.

km km ◦ ◦ km mm/yr
41 Cascadia megathrust RL+T 0 10 359 9 105 0q 0q VE 16
42 Cascadia megathrust T 10 20 337 8 125 17.8 15.6 VE 16
43 Cascadia megathrust T 0 10 337 8 100 10.0 0q VE 16
44 Cascadia megathrust T 10 20 322 13 255 0q 0q VE 16
45 Cascadia megathrust T 0 10 322 12 255 0q 10q VE 16
46 Juan de Fuca tr. RL 0 20 80− 120 90 920 55-60q 55-60q 55-60q 1

Juan de Fuca Ridge N 0 20 0− 40 90 917 55-60q 55-60q 55-60q 1
47 SAF Parkfield RL 0 20 105− 145 90 195 34q 34q VE 17 [4-11]

+ Chalome+Carrizo
48 SAF Mojave RL 0 20 110− 120 90 134 11.3 11.8 VE 17 [12-16]
49 SAF San Bernardino RL 0 20 100− 125 90 80 5.0q 5.0q VE 17 [17-21],17
50 SAF Coachella RL 0 20 115− 135 90 115 25q 25q 25q 17 [22-26]
51 San Jacinto RL 0 20 125− 140 90 168 15q 15q 15q 17 [27-35]
52 San Jacinto RL 0 20 120− 135 90 119 4.0q 4.0q 4.0q 17 [36-41]
53 Elsinore RL 0 20 112 90 38 3.0q 3.0q 3.0q 17 [42]
54 Elsinore RL 0 20 125− 140 90 153 5.0q 5.0q 5.0q 17 [43-50]
55 Elsinore RL 0 20 105− 125 90 39 4.0q 4.0q 4.0q 17 [51-52]
56 Imperial RL 0 20 130− 145 90 159 39q 39q 39q 17 [53-57]
57 Laguna Salada RL 0 20 120− 140 90 95 4.0q 4.0q 4.0q 17 [58-62]
58 Garlock LL 0 20 50− 65 90 103 8.7 9.9 7.1 17 [63-66]
59 Garlock LL 0 20 70− 90 90 133 7.0q 7.0q 7.0q 17 [67-71]
60 Sierra Madre T 0 20 260− 295 53 101 4.0q 4.0q 4.0q 17 [72-75]
61 Palos Verdes RL 0 20 135− 150 90 74 3.0q 3.0q 3.0q 17 [76-77]
62 Pisgah RL 0 20 145 90 100 5.0q 5.0q 5.0q 17 [79]
63 Ventura S. Cayetano T 0 20 261 50 14 5.0q 5.0q 5.0q 17 [80]
64 Ventura S. Cayetano T 0 20 299 40 14 8.0q 8.0q 8.0q 17 [81]
65 Ventura S. Susana T 0 20 276 60 32 5.0q 5.0q 5.0q 17 [82]
66 Ventura Oakridge T 0 20 60− 90 55 46 5.0q 5.0q 5.0q 17 [83-86]
67 Santa Monica T 0 20 255− 270 20 167 4.0q 4.0q 4.0q 17 [87-91]

blind thrust
68 Brawley RL 0 20 161 90 51 25q 25q 25q 17 [92]
69 San Cateyano T 0 20 270 20 183 5.0q 5.0q 5.0q 17 [93]

blind thrust
70 Santa Monica LL 0 20 255− 275 90 119 3.0q 3.0q 3.0q 17 [94-98]
71 Owens Valley RL 0 15 340 90 100 3.0q 3.0q VE 19
72 Panamint Valley RL 0 20 157 90 172 4.2 2.5q 2.5q 14,20
73 Airport Lake RL 0 20 340 90 110 9.8 5.3q 5.3q 20
74 Calico-Blackwater RL 0 20 134 90 120 23.4 5.0q 5.0q 20
75 Death Valley RL 0 20 345 90 100 14.2 2.8q 2.8q 14,20
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Table 1. (continued) Slip rates of faults in the western US

# Fault name Type∗ d†u d‡l strike dip length ṡ§(1) ṡ§(2) ṡ§(3) Ref.

km km ◦ ◦ km mm/yr
76 Fish Lake+Fish Creek RL 0 20 319 90 160 3.0q 3.0q 3.0q 14,20
77 White Wolf LL+T 0 20 51 75 53 15.8 6.0q VE 21
78 Landers rupture RL 0 20 355 90 76 5.0q 5.0q VE 22
79 Gulf of Calif. tr. RL 0 20 317 90 500 49q 49q 49q 1
∗ RL = right-lateral strike slip; LL = left-lateral strike slip; T = dip slip (thrust);

N = dip slip (normal)
∗∗ Variable strike towards NW
† Upper fault edge depth
‡ Lower fault edge depth
§ Slip rate on Models 1 - 3.
q Slip rate fixed in inversion
VE: Fault included through viscoelastic model
1 DeMets et al. [1994]; 2 Freymueller et al. [1999]; 3 Williams et al. [2006];
4 Murray and Segall [2001]; 5 Simpson et al. [2001]; 6 d’Alessio et al. [2005];
7 Marshall et al. [1991]; 8 Pollitz and Nyst [2004]; 9 Caskey et al. [1996]; 10 Wallace [1977];
11 Hetland and Hager [2003]; 12 Bell et al. [1999]; 13 DePolo et al. [1997]; 14 Stewart [1988];
15 Wesnousky [2005]; 16 McCrory et al. [2004];
17 Deng and Sykes [1997], numbers in brackets refer to segment numbers in their Table 1;
18 Meade and Hager [2005]; 19 Dixon et al. [2003]; 20 McClusky et al. [2001];
21 Bawden [2001]; 22 Wald and Heaton [1994]

Table 2. Model Performance
Model #free NRMS∗ parameter section of

parameters types† discussion
Model 1 29 3.619 S section 7.1
Model 2 319 3.492 S, D, R section 7.2
Model 3 436 3.435 S, D, R, V section 7.3
Model 3 without ṁ(V )′ 169 3.522 S, R, V section 7.4
Model 3 without ṁ(V )′, 16 3.711 S, V section 7.4
and without δµ
Model 3 without 1700 420 3.941 S, D, R, V section 8.7
Cascadia slip
∗ Defined in eqn 15 with N = 2104.
† S = selected fault slip rates; D = distributed moment release in plate interior;

R = lateral variations in vertically-averaged rigidity;
V = time-dependent viscoelastic-cycle deformation.
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Table 3. Viscoelastic cycle parameters of major earthquakes

Fault name Year of segment #∗ T† Mw Ref.
earthquake years

Cascadia 1700 30-45 500 9.1 1
Fort Tejon 1857 47-49 350 8.0 2
Owens Valley 1872 71 4150 7.6 3
San Francisco 1906 4,5 250 8.0 4
Pleasant Valley 1915 18 7000 7.7 5,6
Cedar Mountain 1932 19 3600 7.1 7
Kern County 1952 77 420 7.2 8
Fairview Peak 1954 17 50000 7.2 9
Dixie Valley 1954 16 6000 7.1 9
Loma Prieta 1989 13 124 6.9 10
Landers 1992 78 1000 7.3 11
∗ As enumerated in Table 1; † T = recurrence interval
1 Atwater and Hemphill-Haley [1997]; 2 Sieh [1978]; 3 Dixon et al. [2003];
4 Thatcher et al. [1997]; 5 Wallace [1977]; 6 Hetland and Hager [2003];
7 Bell et al. [1999]; 8 Bawden [2001]; 9 Caskey et al. [1996];
10 Marshall et al. [1991]; 11 Wald and Heaton [1994]
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APPENDIX A. No net rotation in a dislocation-driven plate system

Here we prove that in a system of rigid plates driven by dislocation sources on the plate

boundaries, the system must satisfy the condition of no-net-rotation.

Let V be the outer spherical shell of the planet between radius levels R−H and R, and let V

be divided into a number of plates. Let Γ represent the composite boundaries of all plates (i.e.,

the faults). We assume that the long-term motions of the plates are rigid and result from steady

motions across Γ. In a r− θ− φ spherical coordinate system with r = rr̂, the long-term velocity

vield v(r) (R − H ≤ r ≤ R) is generated with a moment rate density tensor ṁ(r′) for r′ ∈ Γ.

The moment rate density tensor embodies all conceivable dislocations on fault surfaces (e.g., eqn

3.18 of Aki and Richards [1980]).

Let v(r) be the global velocity field and define the net vorticity over the plate system as

ω(r′) =

∫
V−Γ

∇ × v(r; r′) d3r′ (A-1)

Note the exclusion of the fault surface Γ in the integration in eqn A-1. The contribution to v(r)

by source patch r′ of area dΣ may be represented in a spherical harmonic expansion [Wason and

Singh, 1972]

dv(r; r′) = Re

{
∞∑
l=0

2∑
m=0

[Um
l (r, r′)r̂ + V m

l (r, r′)∇1 − Wm
l (r, r′)r̂ × ∇1] Xm

l (∆) exp(imγ)

}
(dΣ)

(2)

where ∇1 = (∂/∂θ)r̂+(sin θ)−1(∂/∂φ)φ̂ is the surface gradient operator; ∆ and γ are the angular

distance and azimuth of the minor arc from r′ to r; Re{} denotes the real part of the quantity in

brackets. The spherical motion functions Um
l and V m

l and toroidal motion functions Wm
l depend

upon ṁ(r′) and the source and observation radius. The contribution to ω by source patch r′ is

dω(r′) =

∫
V−Γ

∇ × dv(r; r′) d3r′ (3)
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The integral in eqn 3 may be split into a near-source term and extra-source term:

dω(r′) =

∫
V−Γ

|r−r′|<ε

∇ × dv(r; r′) d3r′ +

∫
V

|r−r′|≥ε

∇ × dv(r; r′) d3r′ (4)

for ε > 0. The restriction r′ /∈ Γ is removed in the second integral because the second integral

is free of singularities. In the near field, we can construct an auxiliary spherical coordinate

system centered on r′ with the pole perpendicular to the local surface Γ. For small |r − r′| the

displacement field dv(r; r′) reduces to spheroidal motion of degrees l =0, 1, and 2 in the auxiliary

spherical coordinate system. The degree 0 and 1 components are irrotational (degree 0 is purely

radial motion, degree 1 is purely translational motion), and the degree 2 components of dω(r′)

vanish when integrated over the local azimuth coordinate. Thus in the limit ε → 0, the first

integral vanishes. From eqns 2 and 4 we then have

dω(r′) = lim
ε→0

∫ R

R−H

dr

∫ π

0

d∆||r−r′|≥ε

∫ 2π

0

dγ Re

{
∞∑
l=0

2∑
m=0

Um
l (r, r′)∇ × [r̂Xm

l (∆) exp(imγ)]

+ [∂rV
m
l (r, r′)r̂ × ∇1 −Wm

l (r, r′)∇ × (r̂ × ∇1)] Xm
l (∆) exp(imγ)} R2 sin ∆(dΣ) (5)

All azimuthal integrals in eqn 5 vanish. For the m = 1, 2 terms this follows directly from the

exp(imγ) dependence of the integrand. In the case m = 0 the integral is proportional to∫ 2π

0

r̂ × ∇X0
l (∆) dγ ∼

∫ 2π

0

γ̂ dγ = 0 (6)

Hence

dω(r′) = 0 (7)

The vorticity is zero for a superposition of sources:

ω =

∫
Γ

dω(r′) d2r′ =

∫
V−Γ

∇ × v(r) d3r = 0 (8)

where

v(r) =

∫
Γ

dv(r; r′) d3r′ (9)
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is the steady velocity in the absolute reference frame. With the spherical shell divided into

distinct blocks {Ωn}, eqn 8 becomes

∑
n

∫
Ωn

∇ × v(r) d3r = 0 (10)

The vorticity is constant on any rigid plate:

ωn = ∇ × v(r) (r ∈ Ωn) (11)

It follows from eqns 10 and 11 ∑
n

Vn ωn = 0 (12)

where Vn is the volume of the nth plate Ωn. If the faults are considered vertical then Vn may

be replaced with the plate areas in eqn 12. Eqn 12 means that steady slip on a global system

of faults, such that the regions bounded by the faults have rigid motion, produces an absolute

motion field that has zero net rotation.
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